Transcription factors regulate gene expression by binding to DNA for short 9 durations and by often binding to low-affinity DNA sequences. It is not clear how 10 such temporally brief, low-affinity interactions can drive efficient transcription. 11 Here we report that the transcription factor Ultrabithorax (Ubx) functionally utilizes 12 low-affinity binding sites in the Drosophila melanogaster shavenbaby (svb) locus in 13 nuclear microenvironments of relatively high Ubx concentration. By manipulating 14 the affinity of svb enhancers, we revealed an inverse relationship between enhancer 15 affinity and Ubx concentration required for transcriptional activation. A Ubx 16 cofactor, Homothorax (Hth), was enriched together with Ubx near enhancers that 17 require Hth, even though Ubx and Hth did not co-localize throughout the nucleus. 18 These results suggest that low affinity sites overcome their kinetic inefficiency by 19 utilizing microenvironments with high concentrations of transcription factors and 20 cofactors. Mechanisms that generate these microenvironments are likely to be a 21 general feature of eukaryotic transcriptional regulation. 22 129 Ubx to DNA is required to generate restricted nuclear distributions of Ubx. 130 Transcriptionally active svb loci and enhancers correlate with regions of high 131 Ubx concentration 132
Introduction
Genomic regions near coding genes, called enhancers, direct specific patterns 24 of gene expression 1-3 . Enhancers contain short DNA sequences that bind sequence-25 specific activating and repressive transcription factor proteins; the integration of 26 these positive and negative signals directs gene expression 4 . Protein-DNA binding is 27 often an ephemeral event; studies in mammalian cells demonstrate that 28 transcription factors disassociate within seconds of binding to DNA 5-10 . 29 Furthermore, recent studies in animals ranging from fruit flies to mammals have 30 revealed that low affinity DNA binding sites are critical to allow related 31 transcription factors to distinguish between binding sites with similar DNA 32 sequences [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Increasing the affinity of binding sites, to more stably recruit 33 transcription factors, activates promiscuous gene expression 12, 24 , which may lead to 34 developmental defects. It is unclear how brief protein-DNA contacts can mediate 35 transcription from enhancers containing low affinity binding sites. 36 One possible mechanism that could mitigate low binding affinity is an 37 increase in the local concentrations of transcription factors. At the scale of a single 38 enhancer a few hundred base pairs long, multiple low-affinity binding sites for the 39 same transcriptions factor in close proximity could increase the frequency of 40 binding events by locally trapping the protein compared to an isolated binding site. 41 Furthermore, interactions of transcription factors and cofactors with multiple 42 localized enhancers could generate "microenvironments" 2 of high transcription 43 factor concentrations. 44 4
We have explored this problem using the shavenbaby (svb) locus, which 45 contains multiple enhancers that drive specific patterns of svb gene expression that 46 are required for proper development of Drosophila embryos. Each of three 47 characterized enhancers contains clusters of low-affinity binding sites for the Hox 48 gene Ultrabithorax (Ubx). These enhancers also require a Ubx cofactor Homothorax 49 (Hth) to function 11 . We have exploited robust transgenic tools in Drosophila, new 50 fluorescent dyes, and new approaches to prepare embryos for microscopy to 51 systematically perturb these svb enhancers and directly image the results at a sub-52 nuclear level. We find that microenvironments of high Ubx and Hth concentrations 53 mediate transcription from low-affinity enhancers.
55

Results
56
Ubx is present in microenvironments of varying local concentrations 57 We first examined whether nuclei in Drosophila embryos possess Ubx 58 microenvironments by performing immunofluorescence (IF) staining in fixed 59 embryos and super-resolution confocal imaging using Airyscan (Carl Zeiss 60 Microscopy, Jena, Germany). We found that Ubx protein was not distributed 61 uniformly, but rather exhibited regions of high and low Ubx intensities (Figure 1a intensity separated by regions of low Ubx intensity. We observed, on average, 184.9 66 5 ± 24.6 (n = 12, 3 embryos) clusters per nucleus that were stronger than one-quarter 67 of the maximum Ubx intensity (Figure 1d , e, & S1). 68 One explanation for the observed distribution of Ubx is that transcription 69 factors localize generally to accessible regions of the nucleus that have high levels of S3g-i). These results indicate that the distributions of these transcription factors do 80 not result from a shared mechanism that limits the distribution of all transcription 81 factors to the same sub-nuclear space. 82 We also examined whether Ubx simply occupies regions containing actively 83 transcribed DNA. Both active RNA Polymerase II (Pol II) and the methylated histone Ubx repeatedly binds to specific regions in nuclei of live embryos 91 We tested whether the heterogeneous protein distributions we observed 92 were an artifact of the fixation protocol 26 on the surface of a sphere with a radius r from the center in three dimensions for all 384 the values of r ranging from zero to a desired outer limit (4 μm in this case). 385 Using custom Matlab scripts, the individual distributions from each 386 transcription site were normalized to have the intensity at the center (r = 0) equal to 387 1. The distributions were averaged. To adjust for background Ubx intensity outside 388 of the nucleus, the entire averaged distribution was offset by a constant value to 389 bring the minimum intensity present in the distribution to zero to generate the intensity before offsetting, between 2 to 4 μm from the transcription site). 396 The initial dataset for 7H enhancers contained only a part of the deletion 397 series. A subsequent dataset contained all the 7H deletion mutants. The 7H mutants 398 present in both sets were compared and the distributions of Ubx intensity between 399 the sets were found to differ by a multiplicative factor. When such factor was 400 computed for each overlapping 7H mutant present in both datasets, the results were 401 similar, indicating that there was a systematic shift in background noise. This could 402 have resulted from differences in embryo handling during fixation, antibody 403 staining, and other steps in sample preparation. Other characteristics such as the 404 functional form of the distributions between the two sets and the trends between 405 7H mutants within each set remained unchanged after correcting for the difference 406 20 in intensity. The wildtype 7H data from the first set with a correction factor and the 407 rest of the deletion series uncorrected from the second set were used to minimize 408 the normalization employed. 409 410
